Water distribution networks (WDNs) could present problems of pathogen intrusion that affect the health of consumers. One solution to diminish this risk is to add more disinfectant to the water at the drinking water treatment plant (DWTP). However, this increases the cost of water treatment and may also cause the formation of trihalomethanes. Mexico has the largest bottled water market in the world. Also, most houses are built with individual storage containers due to intermittent service, which generates a greater residence time of the water before use. This paper shows an alternative to guarantee minimum disinfection along WDNs and diminish the use of disinfectant at the DWTP considering the conditions of water consumption and use in Mexico. We propose a model based on Genetic Algorithms to obtain scenarios where free chlorine is maintained at the minimum permissible concentration throughout the day. In addition, Water Managers could optimize the use of disinfectant by implementing booster chlorination stations (BCSs). The results show that chlorine use could be reduced by 38%, therefore guaranteeing the chlorine concentration limits along the WDN.
INTRODUCTION
In recent years, a large number of water distribution networks Mora et al. ). Specifically, microorganisms that affect consumers' health in the short term. The preservation of microbiological water quality is one of the most complex technological issues for water managers (WMs) due to the use of disinfectants, water characteristics, and network conditions. Therefore, numerical quality models are necessary tools for operating and maintaining water quality.
Optimal microbiological water quality is achieved when the disinfection process treats the water in the drinking water treatment plant (DWTP). The World Health Organization recommends a minimum residual concentration of 0.5 mg/L of free chlorine over 30 minutes of contact time at a maximum pH of 8.0 for terminal chlorination (WHO ).
Disinfectants are mainly used to ensure the inactivation of microorganisms (Geldreich ) that could be present in the water from supply sources, and grow throughout the network (Figure 1 ), therefore a sufficient amount of free chlorine is required along the network to maintain most of the microorganisms inactive. The objective is to prevent gastrointestinal disease due to drinking contaminated water; therefore the minimum concentration of free chlorine should be 0.2 mg/L at the point of delivery to ensure the chlorine residual throughout the distribution network (WHO ). The second indicator is hours of service per day, based on information from 60 WMs (mean annual) with intermittent service. The mean time of service per day is 10.6 hours.
However, 45% of the WMs had an average daily service between 12 and 23.5 hours. In addition 12% had an average daily service between 4 and 1.5 hours.
The intermittent operation of water services does not guarantee disinfection throughout the networks. Therefore, the WMs increase the amount of chlorine used in the DWTP to maintain disinfection limits within those stipulated by the NOM-127, with the risk of producing THMs. Therefore, most people in Mexico have turned to consuming bottled water (Greene ) . In fact, the Mexican bottled water industry is the largest in the world (Jaffee & Newman ) .
Another important consequence related to the intermittent operation of WDNs is that the majority of houses have an individual storage container (Omisca ) . In most cases, new-builds include an individual storage container despite the continuous water supply. In fact, the majority of houses have at least one container, which has consequences for the lifetime of free chlorine, and, therefore, drinking water quality. Taking the conditions of consumption and use of water in Mexico into account, this paper proposes maintaining the minimum and more uniform chlorine concentration by optimizing the amount of chlorine used and thereby guaranteeing the reduction of problems of THMs generation and gastrointestinal disease incidence.
CHLORINATION IN WDN
The main disinfectants used in WDNs include free chlorine, chloramines, ozone, chlorine dioxide and ultraviolet light (Propato & Uber ) . Free chlorine is one of the most effective agents to inactivate bacteria and other pathogens due to its residual effect of disinfection along the WDN (Geldreich ). In Mexico, free chlorine is the most widely used disinfectant (CONAGUA ). However, when chlorine gets in contact with water it reacts in different processes and the chlorine concentration tends to decrease.
Decay mechanism of chlorine and BCSs
Chlorine concentration decreases as a function of the characteristics of microorganisms, such as their state and their mixture with dissolved matter, besides other factors such as temperature and pH (Geldreich ) . The chlorine decay curve describes its evolution (Figure 2 ). When chlorine comes into contact with water, it generates a reaction with reducing compounds; these substances can be dissolved or suspended. The compounds that react with chlorine are hydrogen sulfide, manganese, iron, and nitrites (AEAAS ). The additional chlorine begins to react with organic matter, producing organic chlorine compounds.
Organic chlorine does not have the ability to disinfect and generates a characteristic odor and flavor. The chlorine continues to react with reducing substances, organic matter, and ammonia. Finally, the additional chlorine will remain as available or free chlorine, which is a very active disinfectant.
After this point, all the nitrogen compounds have been destroyed. Therefore, any further addition of chlorine causes an increase in the level of free chlorine in the water (AEAAS ).
According to Castro & Neves () , loss of free chlorine concentration throughout a WDN is due to several separate mechanisms. Table 1 shows the diverse types of reactions and some related reaction coefficients (Phillip ; Al-Jasser ). These values depend on multiple variables, and they could vary according to the local conditions 
OPTIMAL BCS MODEL
The GA model achieves the optimal number and locations of BCSs, considering the minimum installation of BCSs and reducing the use of chlorine during the operation of the WDN. Every node of the network is analyzed for the last 24 hours of consumption of 72 hours of simulation, in order to ensure a simulation of stability. The model will establish the optimal scenario for the efficient use of disinfectant.
Genetic algorithms
GAs are adaptive methods that can be used to solve specialized problems of search and optimization (Beasley et al. ). The basic algorithm is comprised of the following steps:
1. Randomly generate an initial population.
2. Calculate the fitness of each individual.
3. Selection (sample) on the basis of individual aptitude.
4. Apply genetic operators (crossover and mutation) to generate the next population.
5. Cycle over many generations until some condition is satisfied.
GAs use a direct analogy with natural selection (Holland ) . GAs are applied to populations of individuals. Each individual represents a feasible solution to a given problem. Each individual obtains a score depending on the fitness of the solution. The greater the fitness of an individual, the more likely it will be selected to reproduce, crossing its genetic material with another individual selected in the same way. This crossover will produce new individuals, which share some of the characteristics of their parents. The lower the fitness of an individual the less likely they are to be selected for reproduction and, therefore, its genetic material is not passed down to successive generations and then disappears from the gene pool.
Using this method we found a new population of possible solutions. This population replaces the previous one, and the properties of this new generation must contain a higher proportion of good features in comparison with the previous population. If the GA has been well designed, the population will converge towards the optimal solution for the problem (Figure 4 ).
In the model, optimization increases with the number of generations. The larger the number of nodes, the greater the number of individuals needed to maintain diversity in order to conduct tests for greater fitness (Jiménez ). Using
GAs significantly reduces the number of simulations required to find a better option in terms of limited use of chlorine.
Optimal locations of BCSs by GAs
The objective is to find the minimum number of BCSs (Table 2) . Each four digit binary code sequence represents a value of the chlorine dose provided by the BCS.
The set of all these substrings represents the entire network, and it is called a chromosome. The length of the chromosome, Equation (1), is equal to the number of bits needed for each node, multiplied by the number of network nodes. In Figure 5 there is an example of an individual for a network composed of six nodes and the number of bits is four. Therefore the length of the chromosome is 24.
where L c , length of the chromosome; n n , number of WDN nodes; n b , number of bits.
The evolutionary processes considered in this GA model are roulette wheel selection, 2-point crossover, and mutation.
The simulation time depends on three factors: (a) the number of variables for each individual, (b) the evolutionary process, and (c) the number of generations to evaluate.
Fitness function
The fitness function (FF) is proposed to determine the effec- If the FF maintains a constant value for almost 25 generations, it is considered the optimal scenario.
APPLICATION OF THE MODEL ON A WDN
The model network used in the simulations is an example network from the EPANET (Rossman ). Net3, shown in Figure 6 , was selected considering the complexity of its structure and operation and contains the following components:
• two reservoirs • three tanks • two pumps • 117 pipes • 92 nodes (five nodes with its ID for the discussion)
• one general demand pattern and a further four at certain nodes.
The hydraulic model was simulated with the equation of
Hazen-Williams using the English system of units. The pipes have diameters from 0.2 to 2.5 metres with roughness Figure 7 | Evolution of GA model.
RESULTS AND DISCUSSION
The application of the GA model to the three scenarios was be reduced by 11 to 38%, the initial investment for the locations of the four and three BCSs, respectively (Figure 9 ).
In the case of the third scenario, when the reaction coefficients are in the range of 25% from those reported in the literature, from an economical point of view, the initial investment could be unprofitable because of the six BCSs proposed by the model (view locations in Figure 9 ) and the reduction of chlorine is only by 2%. However, from the health point of view, almost the same amount of chlorine is used in the third scenario but the optimization must focus on the better distribution of the free chlorine, maintaining the range proposed by WHO () along the consumer nodes.
Maximum consumption is presented in hour 50 (when there was practically twice the base demand). The configuration of free chlorine for the three scenarios along the networks is shown in Figure 10 . Scenarios A, B, and C are The GA model with the FF proposed in this paper was validated in order to obtain scenarios with more stable concentrations of chlorine over the 24 hour analysis period. The model is robust enough to be used in a real network of any size. However, it requires the hydraulic and water quality calibration of the WDN model previous to its application.
We propose optimized scenarios for WDNs within the specific context of Mexico. These results generate a better distribution of the disinfectant and minimize the doses required for operation according to the uses of the water.
